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Abstract
Thein-lineresponseofaverticalflexiblymountedcylinderinregularandrandomwavesisreported.Boththeoreticalanalysesand
experimentalmeasurementshavebeenperformed.ThetheoreticalpredictionsarebasedontheMorisonequationwhichissolvedby
theincrementalharmonicbalancemethod.ExperimentsarethenperformedinawaveflumetodeterminetheaccuracyoftheMori-
sonequationinpredictingthein-lineresponseofthecylinderinregularandrandomwaves.Theinteractionbetweenwavesandvi-
bratingcylindersareinvestigated.
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1　Introduction
Manycost-efectiveofshorestructureshave
beenfabricatedforoilandgasexplorationandpro-
duction.Oneexampleofsuchofshorestructuresis
thetensionlegplatform, whichisusualysupported
byconcretepilesasthefoundationortensionlegsas
theanchoringdevice.Anothercommontypeofplat-
formsisthesparplatform, whichcanbeconsidered
asafloatingverticalcylinder, stabilizedbymooring
linesconnectedtotheseafloor.Besidesoilproduc-
tion, floatingfishcagesareoftenusedbytheaqua-
cultureindustrytorearfishduetotherapiddecline
offishstocksintheopenoceans.
Waveforcesarethemajorcomponentoftheto-
talforcesexperiencedbyofshorestructures.Usualy
theamplitudeofthemotionofthestructureinduced
bytheincidentwaveisassumedtobesmal.Thein-
cidentwaveisfirstconsideredtobescateredbya
fixedstructure.Thentheplatformstructureiscon-
sideredtobeforcedintomotionbytheincidentand
scateredwaves.Theforcedoscilationofthestruc-
tureinturngeneratesoutgoingwaves.
Awidevarietyofpreviousinvestigationshave
studiedtheloadingofstationarycylindersinunidirec-
tionaloscilatorywaves.Sarpkayaand Isaacson
(1981)reviewedearlystudiesoverarangeofKeule-
gan-Carpenternumber.TatsunoandBearman
(1990)investigatedthevortexpaternsthatcanarise
indiferentrangesofKC, andincertaincases, their
relationshipwiththecylinderloading.QiuandZhu
(1986, 1985)studiedthedifractionproblemoftwo
pierswithunequaldiameters, andgaveformulasfor
calculatingwaveforcesonthebasisofMacCamy-
Fuchslinearwavedifractiontheory.MiuandLiu
(1991)usedatypeoflocaldisturbancesource
whichdistributedonthesectionalcontourofthecyl-
inderstogetherwiththewel-knownsourcetoesti-
matethethree-dimensionalhydrodynamicforceson
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singlecylinderofarbitrarysection.
Vibrationofelasticalymountedcylindersin
waterwaveshasbeensimulatedandobservedbya
lotofinvestigators.Theinvestigationsinvolvedthree
typesofelasticalymountedcylinders:elasticvibra-
tiononlyinthetransverse(crosswave)direction;
thein-linedirection;andbidirectionalvibration,
whichalowssimultaneousmotioninthetransverse
andin-linedirections.Forthetransversevibration,
theresonantresponsehasbeeninvestigatedbyAn-
griliandCossalter(1982), KayeandMaul
(1993)andHayashiandChaplin(1998).Forthe
in-linevibration, Wiliamson(1985)predictedres-
onantin-linevibrationofacylinderbydeducingan
equationofmotioninvolvingtheMorisonequationfor
flow-induced, in-lineforces.Lietal.(1997)car-
riedoutboththeoreticalanalysesandexperimental
measurements.Thetheoreticalpredictionsarebased
ontheMorisonequationwhichissolvedbytheincre-
mentalharmonicbalancemethod.Experimentswere
performedinawaveflumetodeterminetheaccuracy
oftheMorisonequationinpredictingthein-linere-
sponseofthecylinderinregularandrandomwaves.
Forrandomwaves, itisfoundthatthein-linere-
sponsecanbepredictedaccuratelybyasuperposi-
tionoftheresponsetowavecomponentsofdiferent
frequenciesusingtheMorisonequationonlywhen
theratioofwaveheighttocylinderdiameteris
smal.Forthebidirectionalvibration, Sawaragiet
al.(1977)treatedthemaximumresponseinthe
transverseandin-linedirectionsasafunctionofratio
ofthenaturalfrequencytothewaveone.
Theimportanceofwave-structureinteraction
testsisincreasingbecauseoftheoccurrenceofhigh
energywaves, tsunamiandunderwaterexplosion
phenomena.Murataetal.(2004)performedaseries
ofnear-fieldunderwaterexplosionteststoinvestigate
theresponseofmodeltargetduringunderwatershock
andbubblepulseloading.
McIveretal.(2003)madeanumericalandana-
lyticalinvestigationoftheresponseofafluidtoatwo-
dimensionalmovingstructureinaprescribedmode.
Localizingoscilationscanbefoundatafrequency
closetothatofthetrappedmode, butwithamplitude
thatdecaysslowlywithtime.Onthebasisofthepo-
tentialtheoryincylindricalcoordinateswithFourier
spectralelements, Chernetal.(2001)presenteda
numericalmodelofthethree-dimensionalhydrody-
namicsofaninviscidliquidwithafreesurface.
SarkarandTaylor(2001)analyzedthenonlin-
earmulti-degree-of-freedomdynamicsbetweennon-
linearwavesandnonlinearmooredvesselsusinga
two-scaleperturbationmethoddevelopedbySarkar
andTaylor(1998).Swanetal.(1997)performeda
physicalmodelstudyofwavesaroundtheBrent
Bravegravitybasedstructure.Theyshowedthatthe
threelarge, closelyspacedlegsgeneratedconsidera-
blewave-structureinteraction.Chen(1998)pres-
entedananalysisofthemotionofaverticalcylinder
usingthree-dimensionalequationsofmotionunder
thesimultaneousactionofthreecomponentsof
groundacceleration.Thedynamicresponseofacyl-
inderisapproximatedbythedisplacementsinthe
fundamentalmodesofvibration.Broderickand
Leonard(1995)studiedthebehaviorofahighlyde-
formablemembranetooceanwavesbycouplinga
nonlinearboundaryelementmodelofthefluiddo-
mainwithanonlinearfiniteelementmodelofthe
membrane.Alarge-scaletestconductedbythem
verifiedthenumericalpredictionofthestructuredis-
placementsandthechangesinthewavefield.
Chaplinetal.(1997)analyzedtheresultsof
twoseriesofexperimentsconcernedwiththere-
sponseofasingleverticalcylinderintheinertiare-
gimeinsteepnon-breakingwaves.Theyrecorded
firsttheloadingonacylinderwhenitwasheldsta-
tionary, andthenitsresponsetothesamewaves
whenitwaspivotedjustabovethefloorofthewave
flumeandsupportedatthetopbyspringsinthehori-
zontalplane.Peakloadingonastationarycylinder
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wasfoundtoexceedthepredictionofaMorisonmod-
el.Atlowfrequencyratios, thereisclearlysome
feedbackfromthemotiontotheexcitation.Peakac-
celerationsinthesteepestwavesarefoundtobelim-
itedapproximatelytothosethatwouldoccurifthe
maximumloadingwasappliedasastepchange.
Thepredictionoftheresponseofaflexibly
mountedcircularcylinderinwavyflowsisadificult
problemduetothecomplexityoffluid-structurein-
teractionmechanisms.
Thestudyoftheresponseofahorizontalcylin-
dertobothregularandrandomwaveshasbeenin-
vestigatedbyLiandZhan(1997).Inthispaper,
thestudyonverticalcylindersarereported.The
mountingoftheverticalcylindersarespecialyde-
signedsothattheycanmaintaintheirverticalposi-
tionwhilevibratinginthehorizontaldirection.They
maybeusedasbreakwaterstoatenuateincoming
wavesfromtheopensea.Thetheoreticalpredictions
arebasedontheMorisonequationwhichissolvedby
theincrementalharmonicbalance(IHB)method
(LauandZhang, 1992;LauandCheung, 1981).
2　Theoreticalconsiderations
Theequationusedtodescribethein-linere-
sponseofanoscilatingverticalcircularcylinderto
wavesistheMorisonequationwhichcanbewriten
asfolows, takingintoaccounttheefectofthewave-
inducedorbitalmotions:
Mx·· +cx· +ksx=∫0-d CMρπD24 u·dz+　　
∫0-dCdρD2 (u-x·) (u-x·)2 +w2 dz, (1)
whereMisthemassofcylinderplustheaddedmass
(=m+CaρπD2L/4, miseachcylindermass, ρthe
fluiddensity, Dthecylinderdiameter, andCaisthe
addedmasscoeficient);dthewaterdepth;cthe
structuraldampingofcylindersystem;kstheefec-
tivespringstifness;Cdthedragcoeficient;andCM
theinertiacoeficient;xisthecylinderdisplace-
ment;uthehorizontalvelocitycomponentoffluid
particles;andwistheverticalvelocitycomponentof
fluidparticles.TheoverdotinEq.(1)represents
diferentiationwithrespecttotimet.
Thehorizontalandverticalfluidvelocitiesuandw
atlocationz(measuredupwardsfromthestilwater
level)underasmalamplitudewaveofamplitudeH/2,
angularfrequencyω, wavenumberkaregivenby
u=gHk
2ω
coshk(d+z)
coshkd cosωt,
w=-gHk
2ω
sinhk(d+z)
coshkd sinωt, (2)
wheregisthegravitationalacceleration.
Equation(1)canbewriteninthefolowing
form:
Mω2 x·· +cωx· +ksx+CMρgπD
2H
8
tanhkdsinτ-
∫0-dCdρD2(u-ωx·) (u-ωx·)2 +w2dz=0,
(3)
wherediferentiationnowiswithrespecttoτinstead
oftime, andτ=ωt.
Forsimplicity, Eq.(3)isrewriteninthe
compactform:
F(x·· , x· , x, τ)=0. (4)
Equation(4)issolvedbytheIHB(incremental
harmonicbalance)method.Letx
0
beanapproxi-
matesolutionandx
0
+Δx
0
beamoreaccuratesolu-
tiontoEq.(4).Then, usingtheTaylorseriesex-
pansion, wehave
F(x··
0
, x·
0
, x
0
, τ)+ F x··0Δx
··
0
+ F x· 0Δx
·
0
+ F x
0
Δx
0
=0
(5)
with  F
 x··
0
=Mω2 ,
 F
 x· 0 =cω+∫0-d CdρD2 ω (u-ωx·)2 +w2 +
ω(u-ωx·)2
(u-ωx·)2 +w2 dz
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and
 F
 x
0
=ks.
Representingx0 byaFourierseries:
x
0
=a
0
+∑Nn=1(ancosnτ+bnsinnτ), (6a)
thenwehave
x·0 =∑Nn=1 (-nansinnτ+nbncosnτ), (6b)
x··
0
=∑Nn=1(-n2ancosnτ-n2bnsinnτ)(6c)
and
Δx0 =Δa0 +∑Nn=1 (Δancosnτ+Δbnsinnτ).(6d)
AftersubstitutingEqs(6a)to(6d)toEq.(5),
wehave
 F
 x
0
Δa
0
+∑Nn=1  F x0cosnτ- F x·0nsinnτ- F x··0n2cosnτΔan+
∑Nn=1  F x0sinnτ+ F x·0ncosnτ- F x··0n2sinnτ Δbn
=-F(x··0 , x·0 , x0 , τ). (7)
ApplyingtheGalerkinmethod, i.e., multiplying
Eq.(7)inturnby1 , cosτ, cos2τ, …, sinnτ, and
integratingwithrespecttoτbetweenthelimitsof0
and2τ, asetof2N+1 equationsfortheunknown
coeficientsΔa
0
, Δa
1
, Δa
2
, … , Δbncanbefound.
Hence, abetersolution, x0 +Δx0 , isobtainedfrom
theinitialapproximatesolution, x
0
.Theprocedureis
repeatedanumberoftimesuntilasolutionofdesired
accuracyisobtained.
3　Experimentalinvestigations
3.1　Experimentalset-up
Theexperimentalrunsareconductedinthe
waveflumeequippedwiththeDHIactiveabsorption
wavegeneratingsysteminTheHongKongPolytech-
nicUniversity.Thephysicaldimensionsoftheflume
are25 mlong, 1.5 mwideand1.5 mdeep.The
experimentset-upisshownschematicalyinFig1a.
Fig.1.　Detailsoftheexperimentalsetup.a.Verticalcylinderinwaveflumeandb.measurement
ofoscilations.
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　　Instudyingvibrationoftheverticalcylinders,
boththedisplacementsofthecylindersandtheirac-
celerationsaremeasured.Theschematicdiagramof
thedataacquisitionsystemisshowninFig.1b.
Tencapacitancewavegagesareusedduringex-
perimentalrunstorecordthefreesurfaceoscilations
aroundverticalcylinders.Theprincipleofthewave
gaugesisthatthecapacitancechangeswiththewet-
tedlengthofthemeasuringwireduringthepassage
ofwavetrains.
3.2　Measurementofstructuraldampingofcylinder
system, efectivespringstifness, dragcoefi-
cientandintertiacoeficient
　　Thecylindersusedinthestudyofthein-line
responsearemadefromaplastictubewithanoutside
diameterof215 mmandalengthof1 ×103 mm
(fromNo.1 cylindertoNo.3 cylinder)and700 mm
(No.4cylinder).Eachcylinderispositionedverti-
caly, withitsbotomatadistance600 mmbelow
thewatersurface, bytwosteelplateshavingacross-
sectionof30mm×2 mmatitsbotom.Theacceler-
ometerislocatedonthetopofeachcylinder.The
massofeachcylinderisabout15kg.Thedetailsare
showninFigs2 and3.Fortheseexperiments, No.1
cylindertoNo.3 cylinderwereinstaledasmoving
caseandNo.4 cylinderasfixedone.Thefirstcylin-
derwasabout5.5 mfromthepiston-typewavepad-
dle.ThebasicparametersareshowninTable1.
Fig.2.　Sketchofmovingcylinder.
Fig.3.　Sketchoffixedcylinderandthewaveforce
measurement(No.4cylinder).
Table1.　Detailedparametersofeachcylinder
No.1 No.2 No.3 No.4
L/mm 999 994 997 700
H/mm 128 128 132 50
m/kg 14.9 14.7 15.1 N/A
Frequencyinair/Hz 2.16 2.16 2.16 N/A
Frequencyinwater/Hz 1.50 1.62 1.66 N/A
Thestructuraldampingandspringstifnessare
firstdeterminedbyalowingthecylindertooscilate
freelyinair.Thetimehistoryofthefreeoscilation
ofNo.2 cylinderisshowninFig.4.Fromthistime
history, itisfoundthatthespringstifnessequals
2.748kN/mandthestructuraldamping74N· s/m.
Thedragcoeficientisthendeterminedbyalowing
thecylindertooscilatefreelyinstilwater.The
timehistoryofonesuchoscilationisshowninFig.
5.Itisfoundthatthenaturalfrequencyofthecylin-
deris1.62 Hzandthecylindermassplustheadded
massequals26.36 kg.Thedragcoeficientthenis
obtainedfromthefolowingexpression:
Cd =
3TdcA0A′-e
Tdc
4M
8ρDLA0(e
Tdc
4M -1)
=2.26, (8)
whereA0 istheinitialdisplacementofcylinder(i.e.,
att=0);A′isthedisplacementofcylinderatt=
Td/2 , inwhichTdistheperiodofoscilationinstil
water.ThederivationofEq.(8)isgivenbyLietal.
(1997)
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Fig.4.　ArecordoffreevibrationofNo.2 cylinder
inair.
Fig.5.　ArecordoffreevibrationofNo.2 cylinder
inwater.
Theinertiacoeficientwasthendeterminedby
measuringthein-lineforce, Fx, onthefixedcylinder
(No.4)duetoregularwaves.Straingaugesareusedto
measurethestrainintheloadcelelementinducedby
thewaveforce.Thesensorsareapairofstainlesssteel
plateswhichhavealinearstress-straincharacteristics
intheirelasticrange.Thestainlesssteelplatesforthe
in-lineforcesensorsareshorterandthickerthanthose
fordisplacementsensorstoprovidethenecessarystif-
ness.Forthisexperiment, bondedstraingaugeswith
waterproofingpropertyareused.Thestraingaugesare
glueddirectlytotheunderwatersensors.Fourgauges
areusedforeachcylinder.Thegaugesbecomethe
electricalarmsofaWheatstonebridge.Thestrainof
theloadcelisproportionaltothewaveforce.Upon
propercalibration, theloadcelthengivesaninstanta-
neousmeasureofthemagnitudeoftheforcegenerated
bythewave.Oneofthecylindersusedinmeasuring
waveforceisshowninFig.3 andarecordofthe
measurementisshowninFig.6.Thefolowingexpres-
sionbasedontheFourieraveragingtechnologyover
onecycleisusedforthecalculationoftheinertiacoef-
ficient:
CM =-
2
T∫T0 Fxsinωtdt
ρπD2L
4
gHk
2
coshk(d+z)
coshkd
=2.5.(9)
Fig.6.　Arecordofthemeasuredforce
inregularwaves.
3.3　Responseofcylindersinregularandrandom
waves
　　Boththecomputedandexperimentalresultsfor
theamplitudesA1(= a21 +b21)oftheresponseofa
singlecylinderatexcitationfrequencyinregularwaves
atawaveheightof0.01 mareshowninFig.7.
Thevibrationofcylindersandmovementoffluid
aroundcylindershavealsobeeninvestigatedinrandom
wavesusingtheJONSWAPspectrum.
Ineachrun, bothaccelerationsandwaveheight
datawererecordedatasamplingfrequencyof20 Hz,
foratotalof3 600datapointsperchannel.Inorderto
investigatetheinteractionbetweenwaveandflexible
cylinders, thepeakperiodofJONSWAPspectrawas
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Fig.7.　Comparisonbetweentheoryandexperiment.
setat2.0 Hz, thevalueofHrmswas10 mm, andthe
valueofγwas3.3.Theanalysisofthecolecteddata
wascariedoutusingastandardFFTpackage.Inor-
dertoreducethestatisticalerorinspectralcomputa-
tions, eachrecordcontaining3 600datapointswasdi-
videdintoeightparts, eachpartcontaining1 024
points.Neighboringpartshaveanoverlapof75% of
theirdatapoints(768 points).Inthisprocesscertain
datapointswerediscardedfromeitherendofeachre-
cord.Averaginginthefrequencydomainwasdoneby
mergingeightconsecutivespectraldensityestimates.
3.3.1.　Threevibratingcylinders
Thelocationsofthethreecylindersandtheten
wavegaugesareshowninFig.8.Figure9showsthe
powerspectrafortheresponseofthethreecylinders.
Theenergytransferbetweenwavesandcylindersare
showninFig.10 wherethespatialvariationsofwave
heightamplitudespectraatdiferentlocationsareplot-
ted.Itisimportanttonotethattherearetwopeaksin
thespectraofNo.1 cylinder.Thefirstpeakof1.46
HzisclosetothenaturalfrequencyofNo.1 cylinder.
Thesecondpeakof1.66 Hzisnearthenaturalfre-
quenciesofNo.2 cylinderandNo.3 cylinder.Itcan
beseenthatthemainpeaksofNo.2cylinderandNo.
3 cylinderare1.66 Hz.Thereisanobviouspeakat
1.4HzforGages15 , 16, 17and18 andat1.6 Hzfor
Gages15, 16, and17.Thewaveheightbecomesmal-
leratGages11, 12, and13.Thecylindersabsorb
someofthewaveenergyandvibrateatarangeoffre-
quencies, butstilpredominantlynearthenaturalfre-
quencies.Becauseoftheenergytransfertothecylin-
ders, thewaveheightsbehindcylindersarereduced.
Fig.8.　Sketchofthreecylinders.
Fig.9.　Responseofcylindersinrandomwaves(fp=2 Hz).
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Fig.10.　Spectralevolutions.
　　Whenwavestraveltothecylinders, aflowof
energybeginsatthenaturalfrequenciesofthecylin-
ders.Finalyequilibriumisreachedwiththeresult
thatboththevibratingcylinderspectraandwave
heightspectrahavepeakvaluesintheresonancefre-
quencies.
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Fig.11.　Sketchoflocationsofwavegauges.a.Sketchof
vibratingcylindercaseandb.Sketchoffixedcylinder
case.
3.3.2　Waveheightanalysisforfixedandvibrating
cylinders
　　Inordertodistinguishtheindividualefectsof
wave-vibratingcylinderinteractions, itwasessentialto
performtestsforboththevibratingcylinder(No.2cyl-
inder)andthefixedone(No.4 cylinder).Forthis
purposetwodiferentwavefrequencieswereselected:
1and2Hz.Themethodofanalysisofthecolecteddata
wasthesameasdiscussedabove.
Figures12 and13 showthewavespectraaround
thevibratingcylinderandfixedcylinder, respectively.
Forthepeakfrequencywith2Hz, thereisanobvious
peakat1.4 HzatGage13 behindthevibratingcylin-
der, butthisphenomenonhasnotbeenobservedfor
thefixedcylinder.Itimpliesthatforthepeakfrequen-
cywith2 Hzthereexistsatransferofenergyfromhigh
frequenciesbecauseofthevibrationofthecylinder.
Butforthepeakfreguencywith1 Hz, onlyrelatively
smaleramplitudevaluesarefound.
3.3.3　Vibrationanalysisofsinglecylinder
Itisknownthatwhentheratioofthewaveheight
tothecylinderdiameterissmal, thenonlinearefects
Fig.12.　Comparisonsofwavespectraaroundvibratingandfixedcylinders(fp=2 Hz).a.Wavespectraaroundvibrating
cylinderandb.wavespectraaroundfixedcylinder.
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Fig.13.　Comparisonsofwavespectraaroundvibratingandfixedcylinders(fp=1 Hz).a.Wavespectraaround
vibratingcylinderandb.wavespectraaroundfixedcylinder.
areweakandtheresponseofthecylindertorandom
waveexcitationcansimplybeobtainedbysuperposing
thecontributionsfromindividualwavecomponents, as
describedbelow.
First, thesurfaceelevationη, isexpressedas
η=∑ni=1 Hi2cos(kix-ωit+ i). (10)
TheamplitudesofthefirstharmonicA1iofthedynamic
responsecorrespondingtoeachwavecomponentcanei-
therbecalculatedbysolvingEq.(7)usingtheIHB
methodorobtainedfromthefrequency-responsecurve.
Thespectrumofthedynamicresponseofthecylinderis
thengivenby
Gx(fi)=A
2
1i
2Δf, (11)
whereΔfisthechosenfrequency-bandsize.
ItcanbeseenfromFigs14 , 15and16 thatthe
calculatedspectrabasedonsuperpositionofindivid-
ualwavecomponentsagreeswelwiththemeasured
spectra, exceptwhenthepeakfrequencyequals
1 Hz.
Fig.14.　Theoreticalandexperimentalvibration
spectraatthepeakfrequencywith2 Hz.
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Fig.15.　Theoreticalandexperimentalvibration
spectraatthepeakfrequencywith1Hz.
Fig.16.　Theoreticalandexperimentalvibration
spectraatthepeakfrequencywith1.62Hz.
3.3.4　Vibrationanalysisoftwocylindersposition
cases
　　Furtherexperimentswereperformedtoexplore
thepossibilityofusingsuperpositionoftheresponses
todiferentwavecomponentstopredicttheresponses
oftwocylindersasshowninFig.17 inrandom
waves.FromFig.8 toFig.23 , itisseenthatthe
calculatedandmeasuredspectramatchwelforNo.1
cylinder, butdonotfitwelforNo.2 cylinder.Itis
becausethewaveheightusedtopredicttheresponse
ofNo.2 cylinderismeasuredbywavegauge17,
wherethedirectionofwavepropagationdoesnota-
lignwiththevibrationtrajectoryofNo.2 cylinder
becauseofthepresenceofNo.1 cylinder.Sothe
calculatedpeakishigherthanthecoresponding
measuredpeak.
Fig.17.　Sketchoflocationsofwavegauges.
Fig.18.　WavespectraofGages18 and17(fp=1.56 Hz).
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Fig.19.　Theoreticalandexperimentalvibrationspectraofcylinders1＆2 (fp=1.56 Hz).
Fig.20.　Wavespectraofgages18and17 (fp=2 Hz).
Fig.21.　Theoreticalandexperimentalvibrationspectraofthecylinders1 and2(fp=2Hz).
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Fig.22.　WavespectraofGages18and17 (fp=1 Hz).
Fig.23.　Theoreticalandexperimentalvibrationspectraofthecylinders1 and2(fp=1Hz).
3.3.5　Waveatenuationanalysis
Thewaveatenuationperformanceofavertical
flexiblecylinderwascomparedwiththatofafixed
one.Regularwavesofdiferentperiods(i.e., T=
0.5 , 1 , 2 s)wereused.Thewaveheightsinfront
ofandbehindthecylinderweremeasured.Figure
12 showstheresultsofthesetwocases.Theparame-
terswasusedtoassesstheatenuationcharacteristic
ofthecylinder, wheresisthemeansquarevalueof
thewaveheightdefinedby
s= 1T∫T0 η2(t)dt.
Theatenuationcoeficient, Ac, isdefinedas
Ac= 1 -sresfr ×100%.
wheresubscriptsfrandremeanfrontandrear.
Table2.　Theatenuationcoefficientofvibratingcylinder
Tp/s mfr/mm2· s mre/mm2· s Ac(%)
0.5 0.106 0.053 50
1 0.226 0.149 34
2 0.102 0.110 -8
Table3.　Theatenuationcoeficientoffixedcylinder
Tp/s mfr/mm2· s mre/mm2· s Ac(%)
0.5 0.096 0.066 31
1 0.186 0.1626 13
2 0.146 0.1998 -37
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　　Itwasobservedthatthevibratingcylinderwas
superiortothefixedoneinreducingthewave
height.Thecoeficientofwaveatenuationdueto
regularwavesforavibratingcylinderrangesfrom
-8%to50% andforthefixedonefrom -37% to
31%.Itwasfoundthatthewavesofhighfrequen-
ciescanbemorereadilyatenuatedthanlowfrequen-
cyones.Thisaspectisnowunderfurtherinvestiga-
tionandwilbereportedinafuturepaper.
4　Conclusions
ThepresentstudyconfirmsthattheMorisone-
quationforpredictingthein-lineresponseofaflexi-
blymountedverticalcylinderinregularwavesdonot
agreewelwiththeexperimentalresultswhenthera-
tioofwavelengthtocylinderdiameterislargerthan
0.35.Thetheoreticalpredictionsofthecylinderre-
sponseobtainedbysolvingtheMorisonequationu-
singtheincrementalharmonicbalancemethodagree
welwithexperimentalmeasurementprovidedthea-
bovelimitingratioisnotexceeded.Thevibrationof
cylindersandmovementoffluidaroundcylinders
havealsobeeninvestigatedinrandomwavesusing
theJONSWAPspectrum.Thecylindersabsorbthe
energyneartheirnaturalfrequencybands.Thiscau-
sesatransferofenergy, beginningattheneighboring
frequenciesofthenaturalfrequenciesofthecylin-
ders.Thein-lineresponseinrandomwavescanbe
predictedusingtheexperimentalfrequency-response
curvebyasuperpositionoftheresponsestodiferent
wavecomponentsonlywhentheratioofwaveheight
tocylinderdiameterissmal.Thisstudywilbeuse-
fultothedesignofenergydissipatingtypevertical
cylinders, suchasflexiblebreakwatersforwaveat-
tenuation.
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